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Complex three-dimensional (3D) structures in biology (e.g., cytoskeletal webs, neural circuits, and vasculature networks) form naturally to provide essential functions in even the most basic forms of life. Compelling opportunities exist for analogous 3D architectures in human-made devices, but design options are constrained by existing capabilities in materials growth and assembly. We report routes to previously inaccessible classes of 3D constructs in advanced materials, including device-grade silicon. The schemes involve geometric transformation of 2D micro/nanostructures into extended 3D layouts by compressive buckling. Demonstrations include experimental and theoretical studies of more than 40 representative geometries, from single and multiple helices, toroids, and conical spirals to structures that resemble spherical baskets, cuboid cages, starbursts, flowers, scaffolds, fences, and frameworks, each with single-and/or multiple-level configurations.
C ontrolled formation of 3D functional mesostructures is a topic of broad and increasing interest, particularly in the past decade (1) (2) (3) (4) (5) (6) (7) (8) (9) . Uses of such structures have been envisioned in nearly every type of micro/ nanosystem technology, including biomedical devices (10) (11) (12) , microelectromechanical components (13, 14) , photonics and optoelectronics (15) (16) (17) , metamaterials (16, (18) (19) (20) (21) , electronics (22, 23) , and energy storage (24, 25) . Although volumetric optical exposures (4, 6, 19) , fluidic self-assembly (3, 26, 27) , residual stress-induced bending (1, 13, 21, (28) (29) (30) (31) , and templated growth (7, 8, 32) can be used to realize certain classes of structures in certain types of materials, techniques that rely on rastering of fluid nozzles or focused beams of light provide the greatest versatility in design (5, 6) . The applicability of these latter methods, however, only extends directly to materials that can be formulated as inks or patterned by exposure to light or other energy sources, and indirectly to those that can be deposited onto or into sacrificial 3D structures formed with these materials (5, 6, 18, 19) . Integration of more than one type of any material into a single structure can be challenging. Furthermore, the serial nature of these processes sets practical constraints on operating speeds and overall addressable areas. These and other limitations stand in stark contrast with the exceptional fabrication capabilities that exist for the types of planar micro/nanodevices that are ubiquitous in stateof-the-art semiconductor technologies. Routes to 3D mesostructures that exploit this existing base of competencies can provide options in highperformance function that would otherwise be unobtainable.
Methods based on residual stress-induced bending are naturally compatible with modern planar technologies, and they offer yields and throughputs necessary for practical applications. Such schemes provide access to only certain classes of geometries, through either rotations of rigid plates to yield tilted panels, rectangular cuboids, pyramids, or other hollow polyhedra, or rolling motions of flexible films to form tubes, scrolls, or related shapes with cylindrical symmetry [for reviews, see (1, 9, 13) ]. Here, we present a different set of concepts in which strain relaxation in an elastomeric substrate simultaneously imparts forces at a collection of lithographically controlled locations on the surfaces of planar precursor structures. The resulting processes of controlled, compressive buckling induce rapid, large-area geometric extension into the third dimension, capable of transforming the most advanced functional materials and planar microsystems into mechanically tunable 3D forms with broad geometric diversity.
As a simple illustrative example, we present results of finite-element analyses (FEAs) (33) of the steps for assembly of a pair of 3D conical helices made of monocrystalline silicon in Fig. 1A . The process begins with planar micro/ nanofabrication of 2D filamentary serpentine silicon ribbons (2 mm thick, 60 mm wide), with spatial gradients in their arc radii. Lithographically defined exposure of these structures to ozone formed using ultraviolet light creates precisely controlled patterns of surface hydroxyl terminations at strategic locations (red dots in Fig. 1A ) along their lengths. A soft silicone elastomer substrate (Dragon Skin; Smooth-On, Easton, PA) that is uniaxially stretched to a large level of prestrain (e pre = DL/L, where DL is the increase in length and is comparable to or larger than L; e pre ≈ 70% for the case shown here) and is then exposed to ozone to generate a uniform coverage of surface hydroxyl groups serves as a platform that guides the mechanical assembly process. Transfer printing of the 2D serpentines onto this surface leads to strong, spatially selective bonding [work of adhesion >8 J/m 2 (33)] via covalent linkages that form upon contact as a result of condensation reactions at the regions of the silicon that present hydroxyl groups (34, 35) . Comparatively weak van der Waals forces dominate interfacial interactions at all other locations [work of adhesion~0.2 J/m 2 (36) ]. Allowing the substrate to return to its original shape induces large compressive forces on the serpentine precursors. Forces above a certain threshold initiate a controlled buckling process that lifts the weakly bonded regions of the serpentines out of contact with the substrate surface and, at the same time, induces spatially dependent deformations (in terms of twisting and bending) and in-and out-of-plane translations. The 3D structures involve a balance between the forces of adhesion to the substrate and the strain energies of the bent, twisted ribbons. The latter (W strain ) depends on the elastic modulus (E) and the thickness (t) and lateral dimension (w) of the ribbons via a simple scaling law, W strain º Ewt
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. The 3D structures formed by these correlated motions represent self-supporting frameworks that remain tethered to the assembly platform at the covalent bonding sites. This process leaves residual strains in the substrate that are negligible everywhere except for the immediate vicinity of these sites, as well as strains in the silicon that are well below fracture thresholds (Fig. 1A) . This mechanically guided, deterministic process of geometric transformation from 2D to 3D is governed by (i) the 2D layout of the precursor materials, their dimensions and mechanical properties; (ii) the pattern of sites for selective bonding; and (iii) the nature and magnitude of the prestrain in the assembly platform. The resulting 3D structures differ qualitatively from surface buckling or wrinkling patterns that can occur in thin films [e.g., (37) (38) (39) ]. Quantitative analysis captures all of these aspects, as illustrated by the excellent agreement between experiment and computation in Fig. 1A and fig. S1 . The coils shown here have eight turns, with a pitch (i.e., dimension along x axis) that varies gradually from~454 mm to~817 mm, a width (i.e., dimension along y axis) from~252 mm to~474 mm, and a height (i.e., dimension along z axis) from~240 mm to~459 mm. The relative differences between the experimentally observed structural geometries and those from FEA predictions are <8.5%. See (33) and figs. S2 and S3 for detailed materials and fabrication procedures.
With this scheme, diverse feature sizes and wideranging geometries can be realized in many different classes of materials. A simple case related to that in Fig. 1A results from a precursor that consists of a 2D serpentine ribbon in a spatially invariant periodic geometry (2 mm thick, 50 mm wide; schematic top-view illustration in the upper panel of Fig. 1B) . Here, selective bonding to an assembly platform that is strained uniaxially to e pre = 90% yields a uniform, single-helical coil (Fig. 1B) . The experimental results are in quantitative agreement with FEA ( Fig. 1B and fig. S4 ) and with analytical parametric equations developed by exploring key characteristics of the deformations (33) (fig. S5 ). Such models establish the relationship between geometric configurations and e pre , indicating that the heights of the helices increase with e pre while the widths remain largely unchanged, as might be expected. Modifying the structure of the 2D precursor within this theme while changing the distribution of the bonding sites enables access to dual helices (Fig. 1C) , nested coaxial structures (Fig. 1D) , helices with opposite chirality (Fig. 1E) , and even structures whose chirality changes abruptly at selected locations (Fig. 1F) . In all of the examples in Fig. 1 , the maximum principal strains in the silicon (from~0.34% to 0.90%) occur at locations of large changes in curvature. Computational models provide quantitative guidance in the selection of designs that avoid strains at levels that could result in fracture of the constituent materials, localized deformation, or self-contact. For simple cases, some of these guidelines can be captured in analytical forms (33) (fig. S6 ). In single helices, the maximum strains increase linearly with both the thicknesses and widths of the 2D precursors, with greater sensitivity to the thickness.
The assembled structures are not restricted to geometries with axial symmetry. Joining closed-form circular 2D serpentines with equally biaxially stretched assembly platforms ( fig. S7 ) yields toroidal coils in isolation, in extended arrays, or in nested configurations. Figure 1G shows an elaborate 3D silicon mesostructure that consists of a concentric pair of toroids, with a separate hemispherical "cage" construct at the center; the corresponding 2D precursor is shown in fig. S8 . The remarkably good agreement between experimental results and FEA predictions for this highly complex architecture provides further evidence of the fidelity of the assembly process and the accuracy of the models. The result is a deterministic route to 3D mesostructures with validated design tools that can assist in the selection of 2D precursor geometries, bonding sites, and stretching configurations for wideranging classes of topologies and architectures.
Dozens of basic 3D shapes, each identified with a descriptive name, are summarized in Fig. 2 . A quantitative classification scheme follows from consideration of the buckling characteristics. In general, motions of ribbon-type precursors (i.e., thickness t much smaller than width w) are dominated by out-of-plane bending and twisting deformations coupled with largescale translational motion ( fig. S9) . (fig. S9) . The bending and torsional degrees of freedom of these developable ribbons are constrained by the isometric nature of the deformations (i.e., length invariant, as measured along the central axes of the ribbons) associated with formation of the 3D structures.
Buckling always involves considerable bending, whereas the amount of twisting depends strongly on the 2D structural details. One means of classification relies on a quantity, R, defined by the ratio of the average twisting curvature (k twist ) to the average bending curvature (k bend ), which can be determined by FEA (33) . A given 3D mesostructure belongs to the bending-dominated mode when R, referred to as the mode ratio, is smaller than a critical value (e.g., 0.2 for the present purposes); otherwise, it belongs to the bendingtwisting mixed mode. Representative examples presented in Fig. 2, A and B, fall into these two different regimes: a 3D wavy ribbon (R = 0) and a 3D helical coil (R = 0.82). The magnitudes of both k twist and k bend increase with compressive strain (e compr ) applied to the 2D precursor, where e compr ¼ e pre =ð1 þ e pre Þ. Quantitative analyses show that both curvature components scale with the square root of e compr , thereby suggesting that R is independent of the compression level. This finding applies to all of the 3D mesostructures examined here, obtained with a diverse set of topologies and formed on assembly platforms with uniaxial as well as biaxial strains (Fig. 2, A and B, and figs. S10 and S11).
The layout of the 2D precursor and the configuration of the bonding sites both play crucial roles in determining the final 3D geometry (Fig.  2, C and D) . With the same 2D precursor (e.g., the circular serpentine pattern or Kagome lattice), different distributions of bonding sites yield different 3D configurations, with widely varying values of R. By comparison to these two factors, the crosssectional dimensions (i.e., w and t) of the precursor have minor effect. For 3D mesostructures that exhibit a bending-dominated mode (e.g., the flower and two-layer flower of Fig. 2C ), R is insensitive to changes in the width or thickness ( fig. S12 ). For bending-twisting mixed modes (e.g., straight helix in Fig. 1B and circular helix III in Fig. 2D ), the width and thickness can lead to changes in R, but with magnitudes insufficient to induce a transition into the bending-dominated mode.
Multiple, hierarchical scales of buckling are also possible with the appropriate choice of design. Examples of 3D mesostructures that have multilevel constructions in the out-of-plane direction are presented in Fig. 3A . Such layouts can be achieved by adding filamentary ribbons to 2D precursors that yield single-level 3D shapes like those of Fig. 2 . In the most extreme examples, these additional ribbons connect the precursor structures together at regions where the assembly process would otherwise yield the maximum out-of-plane displacements. Upon release of strain in the assembly platform, these ribbons-such as those that form the cross in the double-floor tent structure, the array of vertical ribbons in the peacock and gallery structures, or the horizontally aligned serpentine ribbons in the doublefloor helix structure-undergo an additional level of buckling to form an elevated "second floor" suspended above the reach of buckling that represents the "first floor." This process substantially extends the maximum elevation above the substrate, thereby enhancing the 3D nature of the system. The triple-floor building structure provides a specific example. Here, the maximum out-of-plane displacement is~1 mm for assembly using a biaxial prestrain of~100%. This distance is up to~2 times the maximum in-plane extent along the narrow dimension of the central part of the supporting structure.
The 3D mesostructures shown in Figs. 2 and 3A can be viewed as building blocks to yield large-scale, interconnected 3D mesoscale networks. The examples in Fig. 3B follow from repeating, mixing, joining, and/or nesting of these building blocks. The top frame shows an 8 × 8 array of the double-floor helix structure that consists of eight evenly spaced helices on the first floor and another eight helices, with the axial direction rotated by 90°, on the second floor ( fig. S13 ). The lower left panel of Fig. 3B illustrates a 5 × 5 array of the 3D tent structure with a spatial gradient in the height, such that the largest tent appears at the center and smaller ones reside at the outermost peripheral regions. To its right is a dual, nested 3D flower structure with a fourfold symmetric toroid at the center. The rightmost example corresponds to a mixed array consisting of four regular table structures, four tilted tables, four tents, and one double-floor tent at the center. Some other 3D mesostructures (e.g., raised ring, scaffold, toroid inside a flower, nested box, etc.) appear in fig.  S14 . These networks exhibit geometries that agree quantitatively with FEA predictions. An important point is that all 3D mesostructureseven those with the highest complexity and largest extent in the out-of-plane direction-are deterministic and form consistently into unique geometries because the strain energies of the first-order buckling modes (i.e., energetically the most probable configuration) are lower than those of all other modes by approximately a factor of 2 or more ( fig. S15) .
Summarized in Fig. 4A and fig. S16 are results that illustrate the applicability of this assembly approach to additional classes of materials, including metals (e.g., Ni), dielectrics (e.g., polyimide and epoxy), and patterned combinations of these, in polycrystalline and amorphous forms. Submicrometer features are also possible, as demonstrated in a "starfish" framework that incorporates silicon ribbons with widths of 800 nm and thicknesses of 100 nm (Fig. 4B) . Two more examples of submicrometer features are provided in fig. S17 . Here, the large differences in contact areas between the filaments and the bonding sites provide the necessary contrast in adhesion. The same strategy also enables the assembly of micrometer-sized 3D silicon features with ribbon widths of 3 mm and thicknesses of 300 nm ( fig. S18) . In these and all other cases, mechanical strain applied to the assembly platforms can affect reversible, controlled changes in the geometries of the supported structures, thereby providing tunable 3D configurations. The results in Fig. 4C show top and angled views of the influence of uniaxial tensile deformation (50%) on a structure with a variant of the starfish layout, in which all six tip corners serve as sites for bonding. Overlaid FEA results exhibit quantitative agreement with the observed geometries. Results in fig. S19 demonstrate that the 3D mesostructures are bendable and can be placed on curved surfaces. The ability to naturally integrate state-of-theart electronic materials and devices represents an essential, defining characteristic of these approaches. A mechanically tunable inductor based on a 3D toroidal structure with feed and ground lines, all constructed with polyimide encapsulation (1.2 mm) and Ni conducting layers (400 nm), provides an example. Here, the geometry is similar to the "circular helix III" in Fig. 2D , with the addition of contact pads located at the periphery for electrical probing. The graph of Fig.  4D shows measurements and modeling results for the frequency dependence of the inductance and the quality (Q) factor for a 2D closed-loop serpentine precursor and a single 3D toroid structure in two different mechanically adjusted configurations. In both cases, the 3D cage structure enhances the mutual inductance between adjacent twisted turns. The maximum Q factors and resonant frequencies increase systematically from 1.7 to 2.2 GHz and from 6.8 to 9.5 GHz, respectively, as the structure transforms from 2D to two distinct 3D shapes associated with partial release (about half of the total initial prestrain of 54%) and then complete release of the prestrain. These trends arise from a systematic reduction in substrate parasitic capacitance with increasing three-dimensional character (40) . The measured results correspond well to modeling that involves computation of the electromagnetic properties associated with the predicted 3D structure geometries from FEA, as shown in the right panels of Fig. 4D [see (33) and figs. S20 to S23].
The ideas presented here combine precise, lithographic control of the thicknesses, widths, and layouts of 2D structures with patterned sites of adhesion to the surfaces of high-elongation elastomer substrates to enable rapid assembly of broad classes of 3D mesostructures of relevance to diverse microsystem technologies. The process, which can be implemented with any substrate that is capable of controlled, large-scale dimensional change, expands and complements the capabilities of other approaches in 3D materials assembly. Compatibility with the most advanced materials (e.g., monocrystalline inorganics), fabrication methods (e.g., photolithography), and processing techniques (e.g., etching, deposition) that are available in the semiconductor and photonics industries suggest many possibilities for achieving sophisticated classes of 3D electronic, optoelectronic, and electromagnetic devices.
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The mechanical mismatch between soft neural tissues and stiff neural implants hinders the long-term performance of implantable neuroprostheses. Here, we designed and fabricated soft neural implants with the shape and elasticity of dura mater, the protective membrane of the brain and spinal cord. The electronic dura mater, which we call e-dura, embeds interconnects, electrodes, and chemotrodes that sustain millions of mechanical stretch cycles, electrical stimulation pulses, and chemical injections. These integrated modalities enable multiple neuroprosthetic applications. The soft implants extracted cortical states in freely behaving animals for brain-machine interface and delivered electrochemical spinal neuromodulation that restored locomotion after paralyzing spinal cord injury.
I mplantable neuroprostheses are engineered systems designed to study and treat the injured nervous system. Cochlear implants restore hearing in deaf children, deep brain stimulation alleviates Parkinsonian symptoms, and spinal cord neuromodulation attenuates chronic neuropathic pain (1). New methods for recording and modulation of neural activity using electrical, chemical, and/or optical modalities open promising therapeutic perspectives for neuroprosthetic treatments. These advances have triggered the development of myriad neural technologies to design multimodal neural implants (2) (3) (4) (5) . However, the conversion of these sophisticated technologies into implants mediating longlasting therapeutic benefits has yet to be achieved. A recurring challenge restricting long-term biointegration is the substantial biomechanical mismatch between implants and neural tissues (6-8).
Neural tissues are viscoelastic (9, 10) with elastic and shear moduli in the 100-to 1500-kPa range. They are mechanically heterogeneous (11, 12) and endure constant body dynamics (13, 14) . In contrast, most electrode implants-even thin, plastic interfaces-present high elastic moduli in the gigapascal range, thus are rigid compared to neural tissues (3, 15) . Consequently, their surgical insertion triggers both acute and long-term tissue responses (6) (7) (8) 14) . Here, we tested the hypothesis that neural implants with mechanical properties matching the statics and dynamics of host tissues will display long-term biointegration and functionality within the brain and spinal cord.
We designed and engineered soft neural interfaces that mimic the shape and mechanical behavior of the dura mater (Fig. 1, A and B, and fig.  S1 ). The implant, which we called electronic dura mater or e-dura, integrates a transparent silicone
